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  Large	
  land	
  conversion	
  to	
  perennial	
  crops	
  if	
  
market	
  for	
  bioenergy	
  emerges.	
  

  Acres	
  harvested	
  under	
  DOE/USDA	
  land	
  use	
  
change	
  scenario:	
  

  USDA/DOE	
  assumes	
  woody	
  feedstock	
  comes	
  
from	
  additional	
  forests	
  planted	
  on	
  marginal	
  
agricultural	
  land	
  and	
  pasture	
  land.	
  

Moderate	
  crop	
  yield	
  increase:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  35	
  million	
  acres	
  	
  
High	
  crop	
  yield	
  increase:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  55	
  million	
  acres	
  

Perennials	
  



  LCC	
  impacts	
  the	
  energy,	
  
radiation	
  and	
  hydrological	
  
budgets	
  at	
  regional	
  to	
  
global	
  scales.	
  

  LCC	
  due	
  to	
  expansion	
  of	
  
biofuels	
  may	
  have	
  non-­‐
trivial	
  effects	
  on	
  climate	
  
through	
  biophysical	
  
feedbacks.	
  	
  

  Growing	
  perennial	
  grasses	
  
(Miscanthus)	
  instead	
  of	
  
annual	
  crops	
  (maize)	
  
caused	
  regional	
  cooling	
  of	
  
up	
  to	
  1°C	
  due	
  to	
  higher	
  LAI,	
  
ET	
  and	
  rooting	
  depth	
  
(Georgescu	
  et	
  al.,	
  2009;	
  
Georgescu	
  et	
  al.,	
  2011).	
  	
  	
  

  Growing	
  sugar	
  cane	
  crops	
  
on	
  agricultural	
  land	
  cooled	
  
temperatures	
  by	
  almost	
  1°C	
  
due	
  to	
  enhanced	
  ET	
  and	
  
higher	
  albedo	
  (Loarie	
  et	
  al.,	
  
2011).	
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Before European settlement, forests covered nearly one billion acres of what is 
now the United States. Since the mid-1600's, about 300 million acres of forest 
have been cleared, primarily for agriculture during the 19th century, and today 
about one-third of the nation is forested. While total forest area has been 
relatively stable for the last 100 years (currently about 747 million acres), there 
have been significant regional shifts in the area and composition of the nation's 
forests. Reversion of marginal farmland in the east, large scale planting in the 
South, and fire suppression have contributed to increases in forest area. Urbani-
zation, conversion to agriculture, reservoir construction, and natural disasters 
have been major factors contributing to loss of forests. 

Eastern forests cover about 384 million acres and are predominantly broadleaf 
(74%), with the exception of extensive coniferous forests and plantations in the 
southern coastal region, and are largely in private ownership (83%). By contrast, 
about 363 million acres of western forests are predominantly coniferous (78%) 
and in public ownership (57%). Nearly ten million private individuals own about 
422 million acres of forest and other wooded land. Most public forest land is held 
by four federal (Forest Service, Bureau of Land Management, National Park 
Service, Fish and Wildlife Service) as well as numerous local (state, county, 
municipal) government agencies.   

Major uses of forests include timber production, recreation, hunting, fishing, water-
shed and fisheries protection, wildlife habitat and biodiversity protection, and 
gathering nontimber products such as berries, mushrooms, medicinal plants, etc.

The forest cover types shown on this map were derived from Advanced Very 
High Resolution Radiometer (AVHRR) composite images recorded during the 
1991 growing season. Each composite covered the United States at a resolution 
of one kilometer. Field data collected by the Forest Service were used to aid the 
classification of AVHRR composites into forest cover types, with refinement 
from ancillary data such as digital elevation. Details on development of the forest 
cover types dataset are in Zhu and Evans (1994).

Sources
Eyre, F.H., 1980, Forest Cover Types of the United States and Canada: Society 
of American Foresters, 148p.

Smith, W.B., Vissage, J.S., Darr, D.R., and Sheffield, R.M., 2000, Forest Resources 
of the United States, 1997: St. Paul, MN, U.S. Department of Agriculture Forest 
Service.  

Zhu, Z. and Evans, D.L., 1994, U.S. Forest Types and Predicted Percent Forest 
Cover from AVHRR Data: Photogrammetric Engineering and Remote Sensing, 
v. 60, No. 5, p. 525-531.

Includes scrub oak in California,
alder in O regon and W ashington,
and aspen in interior western states. 
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  83%	
  of	
  the	
  45	
  million	
  acres	
  
of	
  plantation	
  forest	
  in	
  the	
  
southern	
  US	
  are	
  Loblolly	
  
pine	
  (Pinus	
  taeda	
  L.;	
  75%)	
  
and	
  Slash	
  pine	
  (Pinus	
  ellioti;	
  
25%)	
  (Smith	
  et	
  al.,	
  2002;	
  
Zhang	
  and	
  Polyakov,	
  2010).	
  

  Native	
  Loblolly	
  Pines	
  are	
  the	
  
prime	
  candidate	
  for	
  plantation	
  
bioenergy	
  in	
  the	
  Southeast	
  US	
  
(Kline	
  and	
  Coleman,	
  2010).	
  	
  	
  



  CLM4	
  has	
  a	
  single	
  plant	
  
functional	
  type	
  (PFT)	
  that	
  
represents	
  temperate	
  
needleleaf	
  evergreen	
  trees	
  
(NET),	
  which	
  has	
  a	
  flat	
  
seasonal	
  LAI	
  with	
  almost	
  no	
  
difference	
  between	
  winter	
  
and	
  summer	
  values.	
  

  LP	
  has	
  a	
  relatively	
  rapid	
  
18‑month	
  needle	
  turnover	
  
rate	
  for	
  evergreen	
  species	
  
that	
  yields	
  a	
  seasonally-­‐
varying	
  leaf	
  area	
  index	
  (LAI).	
  	
  

treatment. This matches the bias reported in other
comparisons performed in pine stands (Sampson &
Allen, 1995).
Secondly, under ambient [CO2] the mean ratio of max-

imum to winter minimum Lp for the entire study period
is close to 1.8, with large excursions above and below this
value occurring as a result of drastic climate-induced leaf
area reductions and subsequent recoveries (Fig. 6a). A
value of !1.8 is generated by needle longevity once a
loblolly pine canopy reaches steady state (Kinerson et al.,
1974). The fertilized treatments showed a greater max-
imum/minimum amplitude during the severe drought
year of 2002, reflecting greater sensitivity to drought
(Linder, 1987; Raison et al., 1992). Elevated [CO2] resulted
in a higher maximum-to-minimum L ratio in the first full
year of the [CO2] enrichment (1997; P5 0.021), but other-
wise did not affect this ratio (P5 0.104).
Thirdly, we calculated winter Lminp-to-sapwood area

ratio. Except in the last 2 years of the experiment, when
drought and the ice storm reduced the ratio, Lminp/Asp

under ambient [CO2] was similar to a locally generated
allometric value (Pataki et al., 1998b; Fig. 5b). Elevated
[CO2] had no effect on this ratio (P5 0.590, all yearly
contrasts P40.05). Compared with elevated [CO2] alone,
adding fertilization resulted in a significantly higher
Lminp/Asp during 2002–2003 (Po0.050), but showed
greater sensitivity to drought through a more severe
reduction in Lminp/Asp during the last 2 years of the
study. Excluding the post-ice storm year 2003, fertiliza-
tion increased the annual Lminp/Asp by 18%, similar to
another study with loblolly pine (Ewers et al., 2000).
The peak Lp for the ambient plots – both fertilized and

unfertilized – based on the comprehensive method used
here, although high, is within the range reported for
loblolly pine (Vose & Allen, 1988; Hennessey et al., 2004;
Sword Sayer et al., 2004).

Leaf area enhancement

In order to account for the differential displays of pine
and hardwood L in the canopy L (i.e. hardwoods are
leafless part of the year), we evaluated the [CO2]-
induced enhancement of L during the period in which
foliage is active, representing the functional L. Functional
L, expressed as leaf area duration, is the L averaged over
months with mean temperature 49 1C for pine, and
over foliated months for hardwoods, multiplied by the
fraction of the year these months represent. The [CO2]-
induced enhancement ratio of the functional Lc was
generated by summing the functional L of pine and
hardwood. Using the pairing of plots established at the
onset of the FACE experiment, enhancement ratios for
each pair of plots were generated, and normalized
(divided) by their initial (pretreatment) ratio.

The [CO2]-induced enhancement ratio of the func-
tional Lp was significantly greater than zero beginning
in 1998, and averaged 16% ("1%; Fig. 7a). The elevated
[CO2] enhancement of functional Lc, averaging 14%
("1%), was significant 5 of the last 6 years; it was
statistically insignificant in 2002 due to both decreasing
differences and increasing variability (Fig. 7b).
Although the effect cannot be tested directly, data from
the fertilized elevated [CO2] plot suggests that an upper
limit for [CO2] enhancement of functional Lp and Lc
is!30–40% and !30–50%, respectively.

Vertical leaf area distribution

The dates of vertical leaf area profile measurements
represent near peak and near minimum leaf area for
pines. The only point at which there was a significant

Fig. 5 Leaf area index from 1996–2003 for pine (a), hardwood

(b) and canopy (pine1hardwood) (c) with ambient CO2, ele-

vated CO2, fertilization and elevated CO2 with fertilization. Bars

indicate 1 SE, and are placed at the peak L of each year.

Hurricanes and changes in experimental configuration are noted.

2488 H . R . M C CARTHY et al.

r 2007 The Authors
Journal compilation r 2007 Blackwell Publishing Ltd, Global Change Biology, 13, 2479–2497

Fig	
  5	
  from	
  McCarthy	
  et	
  al.	
  (2007)	
  



  We	
  examine	
  the	
  biogeophysical	
  
effects	
  of	
  biofuel	
  feedstock	
  
production	
  on	
  regional	
  and	
  
hemispheric	
  climate	
  under	
  a	
  
plausible	
  21st	
  century	
  
deployment	
  scenario	
  in	
  the	
  
Southeastern	
  United	
  States	
  
(SUS).	
  
  Land	
  area	
  between	
  30‑40°N	
  and	
  

70‑100°W	
  	
  	
  

  To	
  represent	
  Loblolly	
  pine	
  in	
  
CLM4	
  we	
  optimized	
  PFT	
  
physiology	
  parameters	
  to	
  
minimize	
  observed	
  versus	
  
predicted	
  differences	
  in	
  energy	
  
fluxes.	
  

  We	
  use	
  observations	
  from	
  the	
  
AmeriFlux	
  Duke	
  Forest	
  Loblolly	
  
site	
  (Stoy	
  et	
  al.,	
  2006;	
  Novick	
  et	
  
al.,	
  2009).	
  	
  

  Representing	
  the	
  seasonal	
  
changes	
  in	
  photosynthesis	
  and	
  
stomatal	
  conductance	
  is	
  critical	
  
for	
  modeling	
  energy	
  fluxes	
  of	
  
ecosystems	
  (Xu	
  and	
  Baldocchi,	
  
2003).	
  	
  



  We	
  altered	
  two	
  parameters	
  
that	
  influence	
  
photosynthesis:	
  
  Flnr	
  –	
  fraction	
  of	
  leaf	
  N	
  in	
  

Rubisco	
  enzyme	
  
  Mp	
  –	
  slope	
  of	
  conductance	
  to	
  

photosynthesis	
  relationship	
  
  We	
  ran	
  a	
  36-­‐member	
  

ensemble	
  (gray)	
  varying	
  
each	
  parameter	
  6	
  times	
  
[(flnr	
  =	
  0.05-­‐0.1),	
  (mp	
  =	
  
5-­‐10)]	
  

  Observations	
  in	
  red	
  
  Default	
  NET	
  (blue):	
  flnr	
  =	
  

0.05,	
  mp	
  =	
  6	
  
  Loblolly	
  pine	
  (green):	
  flnr	
  =	
  

0.05,	
  mp	
  =	
  10	
  
Diurnal	
  cycle	
   10am-­‐4pm	
  

average	
  flux	
  



  We	
  use	
  prescribed	
  SSTs	
  and	
  no	
  CN	
  cycling	
  (“f_2000”	
  compset)	
  

  All	
  simulations	
  are	
  integrated	
  for	
  60	
  years	
  with	
  static	
  land	
  
cover.	
  Averages	
  and	
  statistical	
  significance	
  are	
  calculated	
  using	
  
the	
  last	
  40	
  years	
  of	
  simulation.	
  

Name	
   LAI	
   LCC	
  

PD	
  Loblolly	
  (old	
  LAI)	
   Default	
  NET	
  LAI	
   Replaced	
  NET	
  in	
  SE	
  US	
  
with	
  Loblolly	
  Pine.	
  

PD	
  Loblolly	
   Duke	
  Forest	
  Loblolly	
  LAI	
   Same	
  as	
  1.	
  

Future	
  Loblolly	
   Same	
  as	
  2.	
   Same	
  as	
  1.	
  In	
  addition	
  we	
  
converted	
  C4	
  grasslands	
  
to	
  Loblolly	
  Pines	
  in	
  	
  the	
  
SE	
  US.	
  

CTL	
   Default	
  LAI	
   PD	
  land	
  cover	
  (NET	
  in	
  SE	
  
US).	
  

1.	
  

2.	
  

3.	
  

4.	
  



PD	
  (old	
  LAI)	
  -­‐	
  
CTL	
  

PD	
  -­‐	
  CTL	
  

Future	
  -­‐	
  CTL	
  

Latent	
  Heat	
  flux	
  Sensible	
  Heat	
  flux	
  



Future	
  -­‐	
  CTL	
  

PD	
  -­‐	
  CTL	
  

PD	
  (old	
  LAI)	
  -­‐	
  
CTL	
  

Sensible	
  Heat	
  flux	
   Latent	
  Heat	
  flux	
  



• 	
  	
  DJF	
  cooling	
  
of	
  0.25°C	
  
between	
  
40-­‐70°N.	
  

DJF	
   JJA	
  



• 	
  	
  Aleutian	
  low	
  is	
  weakened	
  during	
  DJF.	
  

• 	
  	
  	
  Eddy	
  kinetic	
  energy	
  averaged	
  longitudinally	
  
shows	
  increase	
  in	
  Northern	
  Hemisphere	
  
suggesting	
  northward	
  shift	
  in	
  storm	
  tracks.	
  	
  

Future	
  Loblolly	
  -­‐	
  CTL	
  
DJF	
   JJA	
  





  Southern	
  Hemisphere	
  changes	
  
may	
  result	
  from	
  the	
  vorticity	
  
transport	
  set	
  up	
  by	
  perturbed	
  
large-­‐scale	
  divergence	
  [Chase	
  et	
  
al.,	
  2000].	
  	
  

  Transport	
  of	
  vorticity	
  by	
  the	
  
divergent	
  field	
  is	
  an	
  effective	
  
transport	
  mechanism,	
  especially	
  
for	
  tropical-­‐extratropical	
  
teleconnections	
  [Sardeshmukh	
  
and	
  Hoskins,	
  1987].	
  

300	
  h-­‐Pa	
  DJF	
  Velocity	
  Potential	
  



  Our	
  new	
  optimized	
  Loblolly	
  PFT	
  decreases	
  sensible	
  
heat	
  flux	
  and	
  increases	
  latent	
  heat	
  flux	
  compared	
  to	
  
the	
  NET	
  PFT.	
  

  Local	
  cooling	
  over	
  the	
  SUS	
  is	
  largest	
  in	
  summer.	
  	
  

  Remote	
  cooling	
  is	
  largest	
  in	
  winter	
  between	
  40-­‐70°N.	
  

  Weakening	
  of	
  the	
  Aleutian	
  low	
  may	
  alter	
  storm	
  tracks	
  
in	
  the	
  Northern	
  Hemisphere.	
  

  Perturbations	
  in	
  atmospheric	
  divergent	
  field	
  may	
  lead	
  
to	
  teleconnections	
  in	
  the	
  Southern	
  Hemisphere	
  due	
  to	
  
vorticity	
  advection.	
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